We present a detailed study on the operation of a tunneling field-effect transistor (TFET) based on onedimensional broken-gap heterostructure geometry. Using numerical simulations we show that less than 60mV/dec subthreshold swing can be obtained in this device along with MOSFET-like drive-currents. We further demonstrate that the 1D geometry is uniquely suited for this device concept. Our model broken-gap TFET has a minimum swing of ~20mV/dec along with ~100x increase in above-threshold current compared to the homojunction geometry.
INTRODUCTION
In recent years, the tunneling field-effect transistor (TFET) geometry has gained a lot of interest because of its potential for low power operation [1] [2] [3] [4] [5] [6] [7] [8] . One major challenge for TFETs so far has been in achieving large drive currents, which is a prerequisite for high-performance applications. Furthermore, less than 60mV/dec subthreshold swing (S) is obtained only at very small current levels under limited biasing conditions [6] . In an attempt to improve TFET performance, staggered-gap heterojunction geometry has been proposed (0 < E G-eff < E G in Fig. 1 ) [2] [3] [4] [5] . Even in this scheme, however, carriers need to tunnel through the valence and the conduction bands at the heterojunction, thereby decreasing drive current from the MOSFET-limit. This paper investigates the use of 1D broken-gap heterojunction geometry to further improve TFET performance (E G-eff < 0 in Fig. 1 ). One main question with regard to this device concept is whether S < 60mV/dec is achievable due to the presence of a broken-gap heterojunction source injector. Using dissipative quantum transport simulations based on the non-equilibrium Green's function (NEGF) formalism [9, 10] , we demonstrate that it is indeed possible to achieve high I ON and less than 60mV/dec swing in a 1D broken-gap TFET (BG-TFET). We provide detailed insights into the operational physics, and demonstrate that the 1D geometry is uniquely suited for this device concept. Significant performance advantages compared to traditional TFET designs based on homojunction (HJ) and staggered-gap (SG) heterojunction geometries have been observed.
SIMULATION METHOD
We perform self-consistent NEGF simulations in a gateall-around (GAA) TFET geometry ( Fig. 1) , using carbon nanotube (CNT) as the model 1D channel material [10] . It is important to note that even though we consider a CNT model device, the general device physics explored in this paper are expected to be valid in other semiconductor material systems such as InAs-GaSb and InAs-InSb based 1D nanowires that produce natural broken-gap heterojunctions. We use an atomistic p z -tight-binding Hamiltonian, and treat electronphonon (e-ph) scattering within the self-consistent Born approximation, considering all relevant phonon modes in CNTs [10] . The heterobarrier at the source-channel junction is modeled by shifting the midgap energy of the Hamiltonian to the right side of the heterointerface by (E G -E G-eff ). In the (13,0) CNT considered here, E G = 0.82eV, and effective masses near the band-edges are m C = m V = 0.08m 0 . Source/ drain (S/D) regions are assumed to be doped using the charge transfer scheme; N S = 0.3/nm (p-type), N D = 0.4/nm (n-type) which can be compared to carbon atomic density of 122/nm in a (13,0) CNT. n-mode TFET operation is discussed here but p-mode operations is equally possible.
1D BROKEN-GAP TFET OPERATION
The transistor operation in BG-TFETs is controlled by the gate modulation of the channel bands with respect to the source region. In the on-state, the channel-conduction band is pushed below the source-valence band and, as shown in Fig.  2(a) , efficient band coupling across the broken-gap heterointerface leads to large carrier injection. On the other hand, in the off-state, the channel-conduction band is pulled above the source valence band (Fig. 2(b) and Fig. 3 ). In this case, the energy filtering effect of the source bandgap region can still lead to steep turn-off in BG-TFETs (dotted-circles in Fig. 4 ). In the presence of phonon scattering, however, the subthreshold current is seen to significantly increase (solidcircles in Fig. 4 ) and produce a "shoulder" type feature in the transfer characteristics. This is due to phonon absorption assisted transport dominating the off-state leakage (Fig. 2(b) ) which allows carriers to leak out into the channel at higher energies above the valence band-edge in the source [8] . Therefore, additional gate bias is required to turn-off this tunneling mechanism leading to the "shoulder" type feature. Nevertheless, S < 60mV/dec is observed in a range of gate biases (0.125V < V GS < 0.2V) even in the presence of scattering, with a minimum spot-swing of 20mV/dec. In this bias range I DS changes by ~ 390x which can be compared to only ~18x at the 60mV/dec MOSFET-limit. Fig. 4 also illustrates that for small OP energies (similar to that in silicon or III-V's), the "shoulder" type feature in I DS -V GS is suppressed and, sub-60mV/dec region persists towards smaller V GS . Interestingly, leakage current close to the band crossing point (0.1V < V GS < 0.175V) is larger for smaller ħω OP because of significantly higher phonon population,
-1 : n ph-30meV ≈ 0.460 vs. n ph-180meV ≈ 0.001. Large n ph leads to higher rate of phonon absorption assisted tunneling. With decreasing V GS , however, absorption assisted tunneling paths are effectively turned-off in the case of small OP energies. In this study, we treat higher order phonon absorption only as a sequential process, and simultaneous absorption of multiphonons is not treated.
There are two main reasons for obtaining S < 60mV/dec in 1D BG-TFETs ( Fig. 3) : (1) suppression of density-of-states (DOS) near the source-channel junction under subthreshold conditions, (2) reduction in carrier scattering in that region leading to a non-equilibrium distribution below the thermal limit [11, 12] . Suppression of DOS is due to 1D longitudinal confinement in the notch region (without any transverse states as would be present in 2D or 3D). Carrier scattering in 1D is also reduced due to limited DOS, and electron-electron scattering (not treated here) is suppressed due to prohibitive energy-momentum conservation requirements [11] . If the carrier scattering rate (1/τ scat ) is less than the carrier propagation rate (1/τ prop ) out into the channel (1/τ scat << 1/τ prop ) a non-equilibrium distribution below the thermioniclimit (a "cold" distribution) develops inside the notch region [12] . Furthermore, in the GAA geometry, characteristic length for band-bending near the notch region is also reduced, decreasing the length available for carrier thermalization. All of the above beneficial characteristics are unique features of the 1D limit of device operation.
SIMULATION RESULTS

Fig
. 5(a) shows the dependence of I DS -V GS characteristics on the heterobarrier alignment. It is clearly seen that there is a significant increase in I DS for the BG-TFET (~100x) compared to the HJ-TFET. Fig. 5(b) plots I ON vs. I OFF behavior for the same devices, and demonstrates higher oncurrents in the BG-TFET irrespective of any threshold voltage differences. Relative I DS enhancement with BGgeometry can be even greater in materials with larger tunneling masses compared to CNTs. Also, sub-60mV/dec S is obtained at higher overall current levels. Steep subthreshold region can be fully utilized with a gate workfunction adjustment (i.e. left shift of curves). Our modeled BG-TFET produces, I OFF (@V GS = 0.125V) = . 4 . IDS-VGS characteristics of the 1D BG-TFET, and their dependence on optical phonon (OP) energy. Dotted-circles assume ballistic transport. In the case of dissipative transport in CNTs (solid-circles), along with acoustic phonons (AP), there are three OP modes that couple to electrons; 195meV LO, 180meV ZBO with strongest e-ph coupling, and 26meV RBM [10] . In solid-stars and solid-diamond curves above, all OP modes of the CNT are replaced by a single mode of energy, ħωOP = 60meV (similar to silicon), and ħωOP = 30meV (similar to most III-V's), respectively. In both cases, e-ph coupling is taken to be as same as that of the 180meV CNT mode.
6.2x10
-4 µA, I ON (@V GS = 0.125+V DD = 0.425V) = 5.32µA, and I ON /I OFF ≈ 8.6x10 3 , at V DD = 0.3V. This corresponds to (with parallel integration of 160 tubes/µm), I OFF = 100nA/µm, I ON = 851µA/µm, at V DD = 0.3V, which is very promising for low-power and high-performance operation. Fig. 6 compares the output characteristics for BG-and HJ-TFETs, while also exploring the effect of additional S/D series resistance. In Fig. 6(b) , R SD has negligible influence since device resistance is dominated by the tunneling barrier itself. Furthermore, we observe undesirable "slow turn-on" behavior in Fig. 6 (b) due to enhanced drain influence in this device which allows channel potential to follow the drain bias, thus leading to a non-linear turn-on [7] . This effect is exacerbated for smaller oxide capacitances where gate control of channel potential is further diminished.
DISCUSSION
It has been recognized that significantly small gate-tosource capacitance in TFETs due to reduced source tunneling injection, along with large gate-to-drain capacitance, can lead to detrimental circuit behavior such as enhanced Miller effect and large switching delays [13, 14] . In BG-TFETs, however, gate-to-source capacitance can be significantly improved due to superior source injection. Fig. 7(a) shows the total gate capacitance at the middle of the channel (C ch-tot ). C ch-tot consists of contributions from the source (C ch-S ) and the drain (C ch-D ): C ch-tot = C ch-S + C ch-D . C ch-S arises due to sourceinjected charge (current-carrying ∝ I ON ), while C ch-D is due to drain-injected charge (non-current carrying) that arises when the gate pushes the channel conduction band below (or near) the drain Fermi energy. In Fig. 7(a) , at V DS = 0.3V, C ch-D becomes appreciable only at V GS ≥ 0.4V. In Fig. 7(b) the BG-TFET shows significantly higher intrinsic performance compared to the HJ-and SG-TFETs. Here, the intrinsic device delay is defined as, τ intrinsic = (Q ON -Q OFF )/I ON where, Q ON , Q OFF are the total charge in the device in the on-and offstates, respectively. In the presence of additional parasitic and load capacitances in circuit applications, the performance of HJ-and SG-TFETs will further degrade due to their small current drive (i.e. small C ch-S ) [13] . On the other hand, large C ch-S in BG-TFETs directly leads to higher I ON , smaller Fig. 5 ). Cch-tot is the gate capacitance per unit channel length at the middle of the channel. In (b) τintrinsic for HJ-and SGTFETs have been scaled down for clarity. It is clearly seen that the BG-TFET has a significantly higher performance due to larger source contribution (Cch-S) to the channel capacitance. switching delays, and enables superior circuit performance. Fig. 8 explores the dependence of source doping density, N S , (more importantly, energy degeneracy). Lower N S is important in achieving smaller S by the band-crossing effect. In HJ-TFETs, however, I DS degrades by more than 10x due to longer source depletion length for low N S (Fig. 9(a) ). BG-TFET, on the other hand, shows only a slight reduction in I ON at low N S , since above-threshold carrier injection is mainly dominated by the BG-heterointerface (Fig. 9(b) ). At high N S (large energy degeneracy) S < 60mV/dec observed in HJ-TFET is due to gate modulation of the tunneling-barrier transmissivity that controls thermionic-field emission under subthreshold operation (dotted bands in Fig. 9(a) ). At the high N S limit, the BG-TFET shows a near 60mV/dec thermionic turn-off followed by a sub-60mV/dec region after band crossing has been achieved (dotted bands in Fig. 9(b) ).
In Fig. 9(b) , there is some amount of source depletion for low N S which reduces transmissivity in that energy range, even though the total carrier injection is mainly determined by the BG-heterointerface. Note that ideal source Fermi energy, E FS , should align with the valence band-edge, or slightly below it. Otherwise, if N S is too low, there could be non-linear turn-on effects in I DS -V DS due to suppression of carrier tunneling at small V DS . In Fig. 8 it is clear that the BG-TFET is well-suited for low-swing/high-I ON optimization of device operation.
Finally, Fig. 10 compares BG-TFET characteristics to an n-mode CNT-MOSFET with a similar geometry. In Fig.  10(a) , BG-TFET can be designed to deliver superior device currents under a range of biasing conditions. In 10(b) it is seen that at V DD = 0.3V BG-TFET is better suited for applications requiring I ON /I OFF ≥ 10 4 . At V DD = 0.2V the BG-TFET outperforms the MOSFET at all I ON /I OFF ratios that are technologically useful while also delivering high drivecurrents. By comparing to Fig. 5(b) it is clear that, unlike HJor SG-TFETs, the BG-geometry can indeed deliver MOSFET-like drive currents, and facilitate V DD scaling while retaining high-performance.
SUMMARY
A detailed study on the operation of 1D BG-TFETs was presented. It was shown that MOSFET-like drive-currents along with sub-60mV/dec S were indeed possible, and uniquely facilitated by the 1D limit of device operation. 1D BG-TFETs are expected to be well-suited for highperformance applications with low-power dissipation, and should be demonstrable in InAs-In x Ga 1-x Sb nanowires. IOFF plots that circumvent any differences in threshold-voltages. In (a), the gate workfunctions have been adjusted such that iso-IOFF = 6.2x10 -4 µA is obtained at VGS = 0V. The MOSFET has a geometry similar to Fig. 1 with (EG-eff = EG) in a (13,0) CNT and n-type doped S/D regions with density 0.9/nm to eliminate source starvation effects. In (b), dashed and dotted black curves correspond to ION/IOFF = 10 3 and 10 4 conditions, respectively.
